Comparative study on the atmospheric pressure plasma jets of helium and argon The atmospheric pressure plasma jet (APPJ) that is generated in a quartz capillary tube by using the double electrode configuration for obtaining dielectric barrier discharge (DBD) has attracted the interest of researchers from various fields in the past decade. [1] [2] [3] [4] [5] [6] [7] [8] [9] As a marvelous source of nonequilibrium, electrically driven cold plasmas, APPJ has been obtained in various ways to be implemented in materials processing, biomedicine, fabrication industries, and so forth. [10] [11] [12] [13] [14] [15] In the meantime, the discharges processes and the mechanisms underlying various phenomena concerning APPJ, mainly of He, have also been extensively investigated. Noticeably, it has been verified under nanosecond time resolution that the APPJ of He comprises of discrete luminous "bullets." [16] [17] [18] [19] While the plasma jet outside the active electrode is as a matter of fact initiated from the electrode edge, i.e., resulting from the positive corona streamer discharge, 8, 20 the jet that is available outside the ground electrode is a consequence of "charge overflow" resulting from the DBD process between electrodes. 9, 20 The clarification of the formation mechanism helps to obtain long, intensive plasma jets under various circumstances. Helium is a rare and noble gas, a fact that will limit the industry-scale implementation of APPJ of He. An immediate substitute for He is Ar, which is equally noble but not so rare. However, an annoying fact should be noticed that Ar manifests different discharge behaviors, thus the APPJ of Ar may occur via a different mechanism. The formation mechanism of APPJ of Ar is a demanding topic of research in its own right. In this Letter, we reports the comparative study on the APPJs of He and Ar, with time-resolved measurement of discharge current, light emission from the jet, and images of the discharge, in particular of the jet in the ambient air, in the different phases of the applied voltage. It can be concluded that the formation mechanisms of APPJs of He and Ar and the relevant processes therein are totally different. To obtain a long, intensive jet of Ar, a distinct strategy should be adopted.
The setup for the generation of APPJs is similar to that used by Teschke 16 and has been described in our previous publications. 8, 9 Briefly, high purity (5 N) gas of Ar or He was introduced at a flow rate of 3.0 l/min into a quartz tube with an outer diameter of 4.0 mm and an inner diameter of 2.0 mm. The two electrodes, made of 50 l-thick copper foil wrapping the quartz tube, are both 2.0 cm wide and separated for 2.0 cm, with the outer edge of the electrode at downstream side being 1.0 cm away from the orifice of the quartz tube. One electrode was grounded, and the other was connected to a power supply operated at 17 kHz. The discharge current and the applied voltage were monitored by using an oscilloscope (Tek4104), towards this end, the voltage was directly measured by using a HV-probe (Tek, P16015A), while the discharge current was obtained by measuring the voltage on a resistor R i ¼ 100 X in the circuit connecting the electrodes (see, Fig. 2 in Ref. 8) . The discharge was photographed by using a digital camera (Canon 60D) and an intensified charge-coupled device (ICCD, PI-Max II, Princeton Instruments). The gate time of ICCD was synchronized to the applied voltage via a pulsed signal from the oscillator at the very beginning of the positive half-period of the voltage. The ICCD has a low resolution (512Â512 pixels), thus in order to raise the resolution of the photographs, the whole setup was photographed in 4 or 5 sections, and the results were then synthesized using PHOTOSHOP. A photoelectron multiplier tube (PMT, Hamamatsu CR131) with its slit aiming at 0.5 cm away from the orifice of the quartz tube was used to monitor the light emission of the plasma plume in the ambient air. Other parameters would be specified in text at proper places. Fig. 1 displays the digital photographs of the plasma jets of He and Ar, both generated with two different electrode arrangements: one with the active electrode, and the other with the ground electrode, sitting on the downstream side. As the exposure time is as long as 2 s, the photographs exhibit the integral effect of discharge in that time interval. Simply from the appearance of the discharges in these photographs, some differences between the APPJs of He and Ar can be identified.
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Author to whom the correspondence should be addressed. E-mail: zxcao@iphy.ac.cn. 21 In 2010, it was established that the discharge of He consists of three distinct zones: outside the active electrode resulting from the corona discharge, the DBD zone between the electrodes, and beyond the ground electrode, which is due to "charge overflow." 9 In Fig. 1 , one sees that the corona discharge from active electrode results in a plasma jet in the ambient air, but the "charge overflow" from ground electrode does not. The occurrence of "charge overflow" jet of He outside the ground electrode makes strict demand to the combination of the width of the ground electrode and the applied voltage: for a given width of electrode, the applied voltage should be over a threshold value. Clearly, to the ground electrode in Fig. 1 , the applied voltage was too small, thus no "charge overflow" could be observed.
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The appearance of the jet and its dependence on the arrangement of electrodes for Ar differ considerably from those for He. In the case of Ar, the plasma jet appears dominantly outside the ground electrode. Although there is also jet beyond the active electrode, it is, however, generally less extensive in space that, when the active electrode is on the downstream side, it even cannot exit the quartz tube, which measures only 1.0 cm from the outer edge of the downstream electrode to the orifice. It is worth noting that for Ar, the applied voltage is 7.5 kV, which is much higher than the 3.2 kV for He. Fig. 2 (a) displays the characteristics of the He discharge including the discharge current and the optical emission of the jet in the ambient air, and Fig. 2(b) presents the ICCD images of the discharge taken in the time intervals around the occurrence of the two peaks on discharge current, which are correspondingly highlighted in Fig. 2(a) . Notice that here the active electrode sits on the downstream side. Generally speaking, the discharge current is quite irregular, and the moment of appearance of the pulses and their strength are quite random. But under some voltage values, for instance 3.2 kV in Fig. 2(a) , the discharge current can be quite stable that in the duration of experiment, the strength and the phase of the pulses are well reproducible.
In Fig. 2(a) , it can be seen that the discharge current manifests one pulse in each half period of the applied voltage, and the two pulses are asymmetrical and very different in size. The pulse following the rising half-period of the applied voltage, denoted as PP for positive pulse, is strong and narrow, whereas the one occurring in the falling half-period of the applied voltage, denoted as NP for negative pulse, is relatively weak and broadened. As the digital photographs are taken with an exposure time of 2 s, i.e., over many periods, thus the contribution of each pulse to the appearance of the plasma jet cannot be resolved. By using an ICCD, for which the gate time can be set much shorter than the period of the applied voltage, the discharge status corresponding to the individual pulses can be resolved and recorded, to which the difficulty lies in the proper preset of the gate time. As pointed out before, 8, 9 the DBD plasma and the jet in the ambient air may occur independently from each other, thus just from the discharge current in Fig. 2(a) , we cannot tell at which moment in a period a jet will be available. In order to obtain the ICCD images of the discharge corresponding to a time interval that there is a jet in the ambient air, we resorted to the PMT signal to make a proper choice of gate time.
With the help of a PMT aiming at the jet out of the quartz tube, the moments of appearance and disappearance of the jet can be roughly determined, see the temporal variation of PMT signal in Fig. 2(a) . Consequently, the gate time of ICCD was set between 0-20 ls and 20-40 ls to obtain the two images in Fig. 2(b) , denoted also as PP and NP since the gate times cover the moments of appearance of the positive pulse and the negative pulse of the discharge current, respectively. To emphasize once again, the gate time is referred to the very beginning of the positive half period of the applied voltage. Since under given conditions, the discharge repeats itself very well, we can use the ICCD data collected in many periods for a better image quality. In Fig. 2(b) , the image of PP results from the data collected in 10 periods, and that of NP in 100 periods because the negative pulse is rather weak. From the ICCD image of the discharge denoted as PP, some particular features of the APPJ of He can be identified: the jet extends for some 3.0 cm into the ambient air, and the jet plume is hollow, indicating that under rising, positive voltage the plasma propagates in the ambient air along the helium/air interface. In contrast, the ICCD image denoted as NP reveals a solid jet plume in the ambient air, indicating that the responsible plasma may be dominantly of bulk discharge. It is also noticeable that the jet plume in the ICCD image denoted as PP seems twisted, a possible reason is that the edge of the electrode is not perfectly perpendicular to the gas flow, since the twist is already visible at the outer edge of the electrode at downstream side. In contrast, the jet plume corresponding to the negative pulse maintains an axial-symmetric profile. All these observations point to the fact that the discharge mechanisms in the rising and falling half-periods of the applied voltage are different.
From the photographs of APPJ of Ar in Fig. 1 , we see that a longer plasma jet was obtained when the ground electrode sat at the downstream side, therefore here we further investigate the jet of Ar generated with electrodes in such an arrangement. Fig. 3 (a) displays a typical curve of discharge current as observed in the DBD of Ar. Unlike in the case of He, it is hardly possible to obtain a stable discharge of Ar for a well reproducible curve of discharge current, and pulses on the discharge current often show some irregular burrs. 22 The discharge often dies out if a smaller voltage is applied. In order to obtain a relatively stable discharge, here a quite high voltage, 7.5 kV, was applied. In the rising half-period of the applied voltage, two prominent positive pulses, denoted as PP1 and PP2, can be observed, while in the falling halfperiod, three prominent negative pulses are discernible, with the first one denoted as NP1 and the other two together as NP2. The gate time for taking ICCD image was set between 0-15 ls (PP2), 20-30 ls (NP1), 30-50 ls (NP2), and 50-60 ls (PP1), respectively. That the gate time for the image denoted as NP2 was chosen to cover 20 ls, in which two negative pulses appear, is based on the consideration that this discharge is particularly weak and unsteady in the corresponding phase around NP2. Again, the gate time was chosen on the basis of light emission of the jet measured by PMT, see Fig. 3(a) . Fig. 3(b) displays the ICCD images of APPJs of Ar in the time intervals correspondingly highlighted in Fig. 3(a) . As the discharge is unstable, the images in Fig. 3(b) are the result of exposure just for once, yet the quality of the ICCD images is still quite satisfactory due to the strong light emission from the discharge of Ar. We see that, irrespective of the phase of the applied voltage, it always forms a filament discharge of $0.1 mm in diameter in the DBD zone between the electrodes. For comparison, one may have noticed in Fig. 2(b) that the plasma of He in the DBD zone is more diffusive, most likely resulting from glow discharge. Outside of the electrodes, the situation is quite complicated. At the outside of the active electrode sitting on the upstream side, there are only some branched discharge channels along the surface of the quartz tube. Although in both half periods, the first pulse of the discharge current is always more intensive than the succeeding ones, the micordischarge channels beyond the active electrode caused by the succeeding pulses, however, are more brighter and last longer. This suggests that following the first pulse, there are still some residual plasma matters left behind in the quartz tube, which help prepare the discharge channels for the succeeding pulses. Now we turn to the ground electrode on the downstream side. In the falling half-period of the applied voltage, a relatively homogenous, extensive glow discharge is observed outside the ground electrode. As in the case of ground electrode sitting on the upstream side, the plasma jet corresponding to NP2 is longer than that corresponding to NP1. In the rising half-period of the applied voltage, two discharges of different nature can be observed: surfacial discharge along the inner surface of quartz tube and the bulk discharge propagating along the axis of the gas flow. The plasma plume corresponding to the positive pulses (PP1 and PP2) can propagate farther into air than those to the negative pulses. Briefly speaking, the plasma jets in the falling half-period of the applied voltage are diffusive, while those in the rising half-period are filamentous, thus protrude longer into the air.
As declared in our previous publications, 8, 9 the jet zone in the ambient air and the DBD zone for the discharge of He are to some extent independent from each other, where the plasma plume arises from the corona discharge caused by the high field at the edge of the active electrode. Fig. 2 (a) supports this declaration: the signal of PMT from the jet plume in the ambient air comes in advance than the discharge current peak of DBD (PP), indicating that the jet in the ambient air is independent from the DBD discharge. The 
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Shao et al. Appl. Phys. Lett. 101, 253509 (2012) optical intensities of the DBD discharge monitored by PMT were found to show a peak in each half period, and both peaks appear at fixed moments in a period, irrespective of the sampling position between the electrodes (see, Fig. 6 in Ref. 8 ). However, we see from Fig. 3 (a) that for APPJ of Ar, the PMT signal lags behind the discharge current peak of DBD (PP1). It can be speculated that the discharge begins with the formation of filamentous discharge between the electrodes, and the charges thus generated accumulate on the inner surface of the quartz tube beneath the electrodes. When the discharge is strong enough that there are sufficient charges accumulated beneath the electrode, the charges overflow 23 to further ignite plasma outside the electrodes. This is to say that, unlike in the case of He, it demands the help of DBD process to obtain an APPJ of Ar.
The ionization potentials for He and Ar differ a lot. Following the data in Ref. 24 ), 11.6 eV is of a relatively lower energy. Hence, the gases of He and Ar exhibit quite different discharging behavior. It is rather easier for He atoms in the high-energy metastable states to ionize N 2 molecules to generate N 2 þ ions at the He/air interface via Penning process. 25 The electrons freed in this process can act as seed for the succeeding electric avalanches. As the metastable atoms are neutral, the distribution of the seed electrons is not determined by the electric field. Hence in He, the plasma can be somewhat diffusive. The generation of glow discharge in He is just the consequence of this feature. 26 The metastable Ar atoms have a lower energy, therefore their capability of causing Penning ionization is smaller, the discharge has to proceed via the streamer process to generate filamentous plasma between the electrodes. As Ar atoms have a smaller ionization energy, they are easily to be ionized, thus the resistance of the discharge channel is low, and the discharge current is very intensive. Notice that the pulses of discharge current for Ar are nearly 10 times higher than those for He, see, Figs. 2(a) and 3(a) . Moreover, the filament of discharge of Ar is very compact. By comparing the DBD zones in Figs. 2(b) and 3(b) , one can conclude that the current density in APPJ of Ar is very large. The charges generated in the discharge process accumulate beneath and then overflow beyond the electrodes. Remarkably, the potential of the ground electrode is fixed, thus the charges there will overflow so long as they come to a sufficiently large amount. The potential on the active electrode changes with time, which causes the consequent accumulation of opposite charges, thus the electric field in the neighborhood of active electrode is weaker-unfavorable for the formation of charge overflow. This explains qualitatively why it is difficult to form a jet of Ar outside the active electrode.
In summary, the APPJs of He and Ar develop via different discharge mechanisms. The APPJs of He outside the active electrode result from the corona effect starting from the electrode edge, whereas APPJs of Ar can only be generated with the help of DBD process between the electrodes, and in the latter case, it is more favorable to generate a jet outside the ground electrode. Moreover, even the plasma jets of Ar generated with ground electrode at downstream side can be of different nature: diffusive in the falling halfperiod, and filamentous in the rising half-period, of the applied voltage. These results can be very suggestive for the further investigation of mechanisms underlying the APPJs of various gases and helpful for the application of this plasma technique. 
